I. Introduction
EVELOPMENT of a next generation gas turbine combustor systems for power production are considering coal based fuels as a primary energy source. Interest in coal derived fuels is increasing substantially in order to maintain energy sustainability. The National Energy Technology Laboratory has made efforts for developing high hydrogen content (syngas) based gas turbine combustors which could enhance power plant efficiency and ensure low NO x production without sacrificing other operational advantages.
Lean Premixed Combustion of gaseous fuels is considered as one of the most efficient technologies to reduce NO x emissions, which has contributed to the development of ultra low NO x gas turbine engines 1 . Even though lean 1 Graduate Research Assistant, Student Member AIAA 2 Graduate Research Assistant, Student Member AIAA 3 Research Assistant Professor, Member AIAA 4 Director cSETR and Associate Professor, Senior Member AIAA D 2 International Energy Conversion Engineering Conference premixed combustion technologies are effective, they often experience undesirable side effects such as combustion oscillations and flame stability issues which can be caused by the turbulent nature of these premixed flames 1 . Turbulent premixed flames are one of the most common types of flames found in modern day combustion systems such as spark ignition systems, gas turbines and industrial burners 2 . The characteristics of turbulent premixed flames are quite different from isothermal turbulent flows, due to large difference in the densities of reactants and products resulting in phenomena like counter gradient diffusion and the large turbulence energy generated within the flame 3 . The present investigation focuses on the usage of syngas as a fuel, which is primarily mixture of varying concentrations of carbon monoxide and hydrogen. A detailed understanding of characteristics of turbulent syngas flames is necessary to develop a combustor design that can accommodate various types of syngas fuels obtained from gasification of coal.
A concern when using syngas as a fuel is the variation in its composition which can potentially result in a significant change to the fundamental flame characteristics 4 . These changes also contribute to the difficultly in understanding the behavior of premixed turbulent syngas flames since chemistry and flow effects are closely coupled. 5 One type of turbulent flame behavior in a combustor system is the tendency of the flame to flashback and propagate upstream of the combustor. Turbulent flame propagation in the jet flow generally occurs at high Reynolds numbers or by creating turbulence within the flow using a turbulence creator. Turbulence generation causes local burning velocity to supersede local flow velocity. At higher turbulence levels, the flame surface extends and triggers the onset of flashback along the burner axis 4 . This paper focuses on the experimental measurements of turbulence and its effect on the local consumption speed of premixed H 2 -CO/air mixtures. This was done in order to obtain a better understanding of the fundamental behavior of turbulence flow-field.
II. Experimental Setup and Procedure

A. Burner System
The burner used in the present investigation consisted of five primary components :(a) mixing manifold, (b) stem, (c) perforated plate, (d) connector, and (e) burner nozzle assembly. The burner nozzles were fabricated out of brass, selected for high heat resistance and thermal properties compared to aluminum. The exit diameter of the nozzle is about 8 mm.The perforated plate was fitted in between the connecter and burner nozzle. Different levels of turbulence were generated by changing the blockage ratio of the perforated plate. Research grade fuels were delivered to the combustor from pressurized tanks. Precision metering valves in conjunction with low-torque-quarter-turn plug valves were used to control and meter fuel and air flow rates. A bank of digital mass flow controller was used to measure mass flow rates of fuels and air.
A high resolution direct imaging system and a high speed PIV system operating at 15 Hz and output energy of 65 mJ are used to capture the flame fluctuation sequences and analyze the reacting and non-reacting particle velocity flow-fields, respectively. All the equipments were set to record using the appropriate data acquisition software. In PIV experiments, alumina particles were used as seeding elements. The image buffer size is about 63 images which was used to capture the images. The averages of these images were then taken and are representative of the time-averaged flame. However, during the experiments it was determined that the temporal resolution of the camera to be too low to track the time dependent characteristics of the flame thus it is recommended to use a larger amount of frames to capture turbulence characteristics of the flame in future studies. 
B. Blockage Ratio
The term blockage ratio for a perforated plate is defined as the solid area of perforated plate (A Perf ) to the exposed area (A Exp ), as shown by Eq. (1). Increasing of the blockage ratio can be achieved either by decreasing the number of holes in the perforated plate or by decreasing the size of the holes of perforated plate. (1) Where N is the total number of holes, d o is the hole diameter and D is the overall disc diameter. Three different set of perforated plates (with blockage ratios of 73%, 83% and 93%) are used for the present set of experimentation as shown in the figure below.
C. High Speed Intensified Camera System
The built in first image intensifier is available with a multialkali photocathode having a wide range of spectral response range from UV through near infrared, and hence capable of identifying the OH* chemiluminescence from the flame region zone. The ICCD system operates with a minimum gate time of 10 nanoseconds and a maximum gate repetition frequency up to 200 KHZ. It allows multi-exposure. The system is integrated with a OH* filter.
III. Results and Discussion
Experimental measurements were initially carried out using for an isothermal air flow later progressing to reacting methane -air and H 2 -CO mixtures. The experiments were performed at constant jet exit Reynolds numbers of 1000 and 2000. For the first part of the experiments two turbulators with different blockage ratios of 73% and 93% were used to induce the turbulence in the flow. Velocity flow-field measurements were taken using the PIV system. The PIV data obtained was used by the authors to compare the turbulence intensities along the burner exit both radially and axially.
A. Data Quantification
The downstream flow field for 12.7 mm burner tube diameter was characterized by using Laser Doppler Velocimetry (LDV) system at a sampling rate of 100Hz. A Particle Image Velocimetry (PIV) system also recorded the flow field at a rate of 100 frames per second to characterize the turbulence flow field and used for comparison to the LDV results. The PIV images were averaged over time period of 10 seconds. The RMS velocities were selected from the average of 63 images for each location. Figure 2 illustrates the results from using both techniques to measure the velocity profile along the burner exit. The results showed that no significant difference was observed between the two sets of data.
Figure 2 Perforated plate with blockage ratios of (a) 73% (b) 83% and (c) 93% International Energy Conversion Engineering Conference
C. Isothermal FlowField
Another set of experiments were performed with air flow rate of 26 lpm which corresponds to a Re=2000 and at blockage ratios of 93%, 83% and 73%. Figure 4 shows a representative vector flow field at a blockage ratio of 73%. Figure 5 shows the axial component of velocity fluctuations along the axis of the burner. It was observed that the velocity fluctuations increased as the blockage ratio increased. This demonstrates the turbulent intensity decaying downstream of the burner. The later growth of velocity fluctuations seen in Figure 5 is due eddies generated by the boundary layer of the jet. The general structure of a turbulent flow consists of large eddies which in this case are created by the turbulator at D=4 mm axially along the burner exit. burner.
D. Quantitative Measurement of Turbulent Flame Speed:
The turbulent burning velocity was calculated by the flame area method presented in Eq. (1). By calculating the flame area/flame angle or by using quantitative measurement approach with high speed intensifier averaged over 1000 samples the mean flame area can be calculated.
(
, and denote reactant mass flow rate, reactant density and mean flame area, respectively. The mean flame area is related to some given variable which represents the contour or progress variable. Thus, the value of is itself a function of the progress variable used to define the mean flame front area. The present study uses this The extent of turbulence influence on the flame speed is not fully resolved, however. Lefebvre and Ballal 5 described the visualization of a turbulent flame and explained how the turbulence caused a wrinkling the flame front which increased its specific surface area thus increasing burning rate 4 . The authors show the following equation which can be used to determine turbulent flame speed:
Where S T is the turbulent flame speed, S L is the laminar burning velocity and u' is the RMS value of fluctuating velocity or the turbulent intensity which is obtained from the PIV vector averaged data.
D. Image Analysis
Digital images of the flame are taken with a 12 bit intensified CCD at a resolution of 2048 x 2048 pixels.
Images obtained from the ICCD camera are averaged over thousand samples. The mean image is assumed symmetric along the burner axis. The brightest pixels images are tracked using flow visualization software and the straight lines are drawn through those points, which define the flame front, to the flame anchoring points on the burner the resulting in a representative image presented in Figure 6a . Figure 7 shows flow-field fluctuations for H 2 -CO/air combustion. The height of the premixed cone is increased as the hydrogen content reduced as shown in Fig. 7 , which clearly shows the effect of hydrogen on the effective flame surface area resulting in increase in the local propagation velocity for high hydrogen content fuels. The velocity fluctuations were observed to be highest at the burner top gradually reducing and at the inner cone or reaction zone tip. The fluctuations tended to increase up to certain distance due to the expansion of gases and then gradually decreased further downstream of the burner. This effect is observed predominantly at higher blockage ratios since the fluctuations were larger. International Energy Conversion Engineering Conference Figure 8 shows the plot of velocity fluctuations of H 2 -CO/air at a constant Reynolds number of 2000 and constant equivalence ratio of 1 and at the two different blockage ratios of 83%and 73%.The velocity fluctuations increase at higher blockage ratios. Figure 9 presents the velocity fluctuation at different syngas compositions at a constant blockage ratio. The velocity fluctuations were similar at the different hydrogen contents tested, however, peak fluctuations were observed for higher hydrogen concentration fuels. Figure 10 shows the effect of turbulence on turbulent propagation speed at a constant equivalence ratio of 0.9 and Reynolds number of 2000. The turbulent propagation speed increased not only with the increase in the hydrogen content in the syngas mixture but also with the increase in the blockage ratio. Velocity fluctuations tend to increase with increase in the blockage ratio resulting in increase in the effective flame area. For a given fuel composition, S T , increases linearly with different blockage ratios due to increase in level of turbulence intensity. One of the most important observations from the current data is the linear increase in S T , with H 2 levels. At 10%H 2 the S T is almost same for all the three different blockage ratios but it tend to increase with increase in the hydrogen content which indicate that there is an effect of hydrogen at higher blockage ratios which was documented by Kido 9 et al. Figure 12 summarizes where the measured data is located on a Borghi diagram 10 for the 8 mm burner diameter. Since the magnitude of y axis is less than 1 it was difficult to scale the current diagram to the original Borghi diagram. The present set of data lie the region of wrinkled flamelets.
G. Effect of Diluents
The effects of N 2 and CO 2 dilution (minor constituents of syngas fuels) on the turbulent flame propagation velocity of H 2 -CO mixtures were investigated at T ad =1900K temperature and at different blockage ratios .Experiments were performed with a simultaneous increase in H 2 , and diluents (N 2 and CO 2 ) at different BR's, to understand the effect of N 2 and CO 2 concentrations at different blockage ratios. Dam 10 et al investigated the effect of diluents on laminar burning velocity of syngas fuels and stated that CO 2 has a predominant effect when compared with N 2 . shows that the turbulent propagation velocities for 0% and 73% blockage ratio with N 2 as a diluents in the mixture has lower S T when compared with laminar burning velocity of syngas fuels at a similar composition. The turbulent burning velocity for an 83% and 93% blockage ratio with N 2 as diluents has higher velocities when compared with laminar burning velocity for a given mixture; this is mainly due to increase in the turbulent intensity within the flame. In case of CO 2 as a diluent (Figure 14) , S T at blockage ratios of 0, 73, and 83% is much lower when compared with the laminar burning velocity for a wide range of syngas compositions. In addition, to that Figure 13 compares the S T at 93% BR with simultaneous increase in H 2 concentration along with N2 and CO 2 as diluents for a wide range of syngas gas compositions. From Fig.15 , CO 2 in H 2 -CO mixtures has a more dominating role in reducing the S T when compared with N 2 . The addition of more diluents to the mixtures, the recombination (H+H+M →H 2 +M) reaction is faster compare to the chain branching (H+O 2 →O+OH) step. If the diluents (CO 2 , N 2 ) of higher heat capacity are present in sufficient quantities, it will reduce temperature, thereby reducing the rate of energy release and eventually decrease the burning velocity. 
IV. Conclusions:
An experimental setup was designed and built to measure the turbulent burning velocities of methane-air and H 2 -CO-air flames. The experimental setup used a high speed PIV system and intensifier to measure flame area over a sufficient time period. Measurements were taken at a constant equivalence ratio of 0.9 and Re of 2000. The turbulent burning velocities increased at higher concentrations of hydrogen content but also increased at higher blockage ratios. Turbulent burning velocities were also observed to increase with at higher levels of diluents of N 2 and CO 2 in syngas mixtures. An increase of CO 2 in the syngas mixtures decreased the turbulent burning velocity. 
